Rising sea temperatures are likely to increase the frequency of disease outbreaks a ecting reef-building corals through impacts on coral hosts and pathogens. We present and compare climate model projections of temperature conditions that will increase coral susceptibility to disease, pathogen abundance and pathogen virulence. Both moderate (RCP 4.5) and fossil fuel aggressive (RCP 8.5) emissions scenarios are examined. We also compare projections for the onset of disease-conducive conditions and severe annual coral bleaching, and produce a disease risk summary that combines climate stress with stress caused by local human activities. There is great spatial variation in the projections, both among and within the major ocean basins, in conditions favouring disease development. Our results indicate that disease is as likely to cause coral mortality as bleaching in the coming decades. These projections identify priority locations to reduce stress caused by local human activities and test management interventions to reduce disease impacts.
T he 2014 boreal summer was the warmest on record 1 , breaking air temperature records in hundreds of cities and causing unprecedented highs in sea surface temperatures in the North Pacific 2 . Concurrently, a catastrophic outbreak of starfish wasting disease decimated US West Coast populations of ∼20 starfish species 3 and outbreaks of eelgrass wasting disease resulted in declines in habitat area as high as 90% in parts of California and Washington (Wyllie-Echeverria, personal observation). Pathogens causing these wasting disease outbreaks have been in the environment for at least decades 4 , although the causative virus for sea-star wasting is newly described 3 . These recent examples serve as reminders that disease outbreaks can rapidly and extensively devastate populations of keystone species and key habitat builders. Both events also caught the scientific and management communities by surprise, underscoring the importance of developing forecasts and long-term projections of conditions that increase outbreak likelihood.
Forecasts of conditions conducive to disease onset have been most extensively developed for the agricultural crop sector 5, 6 because of the economic value of optimizing the timing of pesticide application. Studies presenting longer-term, climate-model-based projections of conditions that promote disease onset for other plants and animals are far more rare. So far, climate models driven by Intergovernmental Panel on Climate Change (IPCC) emissions scenarios have been used only to develop projections of conditions related to the causative agents and vectors of human diseases 7 , such as malaria [8] [9] [10] and Chikungunya virus 11 . Overall, the science of developing forecasts and projections for wildlife diseases is in its infancy and warrants much greater research focus 7 , especially in the marine environment, where disease outbreaks have been increasing in frequency and severity over recent decades 12 . Climate-related diseases have already severely impacted the primary framework builders of coral reef habitats [12] [13] [14] [15] . Of the range of bacterial, fungal and protozoan diseases known to affect stony corals 16 , many have explicit links to temperature, including black band disease 17 , yellow band disease 18, 19 and white syndromes 13, 20, 21 . Here, we apply the climate models used in the IPCC 5th Assessment Report (see Supplementary Table 1 for list) to project three temperature conditions that increase the susceptibility of coral hosts to disease or increase pathogen abundance or virulence.
We posit that temperature conditions that increase host susceptibility, pathogen abundance and pathogen virulence will substantially increase the likelihood of disease outbreaks once the set threshold frequencies and stress levels are surpassed. The output from the climate model ensemble for each of these three conditions is a projected year by which the target frequency or stress level is reached. All projections are presented for RCP 8.5, the emissions scenario that best characterizes current conditions and emission trends, and for RCP 4.5, which represents a pathway to stabilization at 4.5 W m −2 (∼650 ppm CO 2 equivalent) after 2100 (ref. 22) . Along with the individual projections, we present maps of the earliest and latest projected year one of these three conditions favourable to disease development is projected to occur. We also present: comparisons between the projected timing of these conditions and annual severe coral bleaching, a map of a composite metric of stress caused by local human activities that can also increase host susceptibility, and a map of disease risk under RCP 8.5 that combines global climate and local anthropogenic stress.
Projections of disease conditions
The year in which host susceptibility is projected to exceed the set threshold (that is, sublethal bleaching stress three times per decade) varied spatially throughout all reef regions, but with a clear latitudinal trend. Reef locations in the tropics (<23 • latitude) suffered thermal stress conducive to disease before subtropical reefs (23 • -32.5
• latitude), a pattern that was similar under both RCPs (Figs 1a and 2a) . There was little variation (<5 years) in the projected timing of this condition among locations in the tropics (Fig. 1a) . In contrast, some northern hemisphere subtropical reefs, such as in the Red Sea and Persian Gulf, were projected to experience these conditions ∼20 years later than subtropical reefs in the south of Australia and Madagascar. Overall, under both RCP 8.5 and RCP 4.5, the median year this threshold will be surpassed was 2011; most (∼76% as of 2014) of the world's reefs are already experiencing thermal stress potentially conducive to disease outbreaks. Under both RCP 8.5 and RCP 4.5, the metric for increased host susceptibility will be reached at >90% of reef locations by 2020 (Fig. 2a) .
In contrast to patterns for the host susceptibility metric, there was no clear latitudinal gradient in the projections for increased pathogen abundance (that is, when cool season temperatures have warmed by ≥0.5
• C; Fig. 1b) . Furthermore, greater variation in the projected timing of this condition among reefs within both the tropics and subtropics was observed, as well as between the RCPs, than was seen for the host susceptibility metric. Under both RCPs, the threshold set for increased cool season temperatures will be reached by 2014 in the southern Red Sea, southern India, the province of Papua in Indonesia, and in the Bahamas (Fig. 1b) . In contrast, under RCP 8.5, increased cool season temperatures were not projected to occur until the 2030s and 2040s for much of the Coral Triangle, Madagascar and Hawaii, and not until the 2050s and 2060s for locations throughout the far south Pacific, such as French Polynesia (Fig. 1b) . The projected years for these locations were all roughly a decade later under RCP 4.5 (Fig. 1b) . The median years for the projections were 2036 (RCP 8.5) and 2043 (RCP 4.5). Under RCP 8.5, the threshold set for increased cool season temperatures is reached at 20% of reef locations by 2020 and for 17% after 2050 (the remaining 63% fall between 2020 and 2050; Fig. 2e ).
Spatial patterns for projections of the pathogen virulence metric (that is, for Vibrio coralliilyticus, when the number of months that temperatures are greater than or equal to the maximum monthly mean (MMM) is double that observed on average from 2006 to 2011) were similar to those found for the host susceptibility metric. Reefs in the tropics will experience this condition earlier than subtropical reefs (Fig. 1c) , with little variation between the two RCPs. The Caribbean was an exception to this latitudinal pattern; the years that subtropical reefs in the Caribbean were projected to experience a doubling of months at or above MMM were among the earliest projected under both RCPs. For subtropical reefs in the south Pacific and Red Sea, the target stress level will be reached 20 or more years later, in the mid-2040s. The median years for this projection were 2031 (RCP 8.5) and 2030 (RCP 4.5), ∼20 years later than the median for the host susceptibility metric.
For most reef locations (∼80% for both RCPs), the models projected timing of increased host susceptibility to occur earliest (Fig. 1a) and for increased pathogen virulence (for Vibrio coralliilyticus) to occur latest (Fig. 1c) . Under RCP 8.5 at least one of the three types of temperature conditions favouring disease development were projected to be surpassed at all reef locations by 2031, and 80% of reefs will have experienced one of the conditions by 2020 (Fig. 3a,b and Supplementary Fig. 1a,b) .
There was limited variation between the two RCPs in the projected year that the three conditions favouring disease development would be reached ( Fig. 3b and Supplementary Fig. 1b) . Across all reef locations, the average difference in projections between RCP 8.5 and RCP 4.5 was less than one year for the host susceptibility and pathogen virulence thresholds. For the pathogen abundance metric, the average difference between the two RCPs was ∼6 years. This difference is probably inconsequential given the standard deviation of model outputs is ∼6 years for both scenarios (Fig. 2e,h ). The minor nature of differences in the projection outputs for the two RCPs reflects the slow divergence of RCP 4.5 from RCP 8.5 over the coming two decades 22 . Even drastic cuts to emissions outputs and emissions growth required to achieve the CO 2 concentrations characteristic of RCP 4.5 do not prevent all of the disease conditions set here from being surpassed at >75% of reef locations by 2090 ( Fig. 2 and Supplementary Fig. 1b ).
Comparing coral disease and bleaching
The same model ensemble for RCP 8.5 was used to project the onset of annual severe bleaching conditions, defined as the year in which eight degree heating weeks (DHWs) is exceeded annually during the warm season 23 . At present, most corals will bleach once eight DHWs is reached (Fig. 3) , and coral diversity and cover are likely to decline drastically when temperature stress of this severity begins to recur with insufficient time for recovery 23 . We sought to determine whether temperature conditions that favour disease development are projected to occur earlier or later than annual severe coral bleaching. To make this comparison, we calculated the difference in the number of years between the projected timing of any two of the three temperature conditions set here for coral disease and the onset of annual severe bleaching conditions (Fig. 3d) . Under RCP 8.5, at least two of the three disease-favouring temperature conditions occurred at 96% of reef locations (Fig. 3d ) before the onset of annual severe bleaching (98% under RCP 4.5, Supplementary Fig. 1d ). All three conditions occur before the onset of annual severe bleaching at 40% of locations. The comparisons of projected timing of disease versus bleaching conditions offered here suggest disease outbreaks will be at least as great a driver of future coral reef condition and community composition as bleaching.
Anthropogenic stress patterns and disease risk
Anthropogenic stress refers here to local human activities rather than the anthropogenic component of global climate change. Anthropogenic stress is likely to be as important a driver of coral disease dynamics over the coming decades as the temperature conditions presented here [24] [25] [26] [27] . The integrated local threat (ILT) index 28 combines four threats that increase disease susceptibility: increased sedimentation and nutrients associated with coastal development 27, 29, 30 ; watershed-based pollution 26, [29] [30] [31] [32] ; marine-based pollution and damage 25, 33, 34 ; and injuries associated with fishing activities, particularly destructive fishing 12 . The ILT index (500-m resolution) results are resampled here to match the climate model grid used for the temperature projections and the highest threat level within each model pixel is shown (Fig. 4a) . This ensures the global patterns can be seen at the resolution at which the figure is printed within the article.
Anthropogenic stress and climate stress are combined here in a disease risk summary, as both are likely to drive future patterns in disease outbreak likelihood. Ecosystem impacts from coral disease have the potential to be equal to or exceed those of severe bleaching stress when two (or all three) of the disease-favouring conditions occur before the onset of annual severe bleaching. Outbreak likelihood is also higher when anthropogenic stress is either high or very high. This logic was applied to produce five criteria for relative outbreak likelihood over the coming 20-30 years, which we describe as 'disease risk' (Fig. 4b) . Locations with greater relative risk (Criteria 2-5 in Fig. 4b ; 22% of locations) were southern Florida, the southern and eastern Caribbean, Brazil, the province of Papua in Indonesia, Philippines, Japan, India, northern Maldives, the Persian Gulf and the Red Sea (Fig. 4b) . For the combined disease risk metric, relative risk was considered lower for locations where anthropogenic stress was low or medium, a condition found for 78% (see Fig. 4 caption) of reef locations. Some of these locations included Hawaii, the central and south Pacific, Australia, Thailand and Madagascar (Fig. 4b) . The disease risk summary can be seen at the resolution of the anthropogenic stress data (500 m) in a highresolution image presented in the Supplementary Information (see Supplementary Fig. 2 ). The high-resolution image complements Fig. 4 , enabling viewers to zoom into reef locations to interpret disease risk in relation to the actual rather than resampled anthropogenic stress data. The disease risk summary reflects that anthropogenic stress is high or very high only at 22% of locations. However, at almost all reef locations (>95%), two of the three temperature conditions conducive to disease development occurred before the onset of annual severe bleaching. The risk of coral diseases due to climate change (ignoring anthropogenic stress) is high at nearly all reef locations.
Future applications and conclusions
These are the first climate-model-based projections of conditions that influence the likelihood of marine disease outbreaks. Some important complexities are necessarily excluded here so that globalscale conservative projections could be produced. The four main examples are: variation among and within coral communities and species in host susceptibility due to variation in genetics related to immunity, the expression of immunity genes, and exposure to environmental disturbances and anthropogenic stress; the potential for coral evolution of resistance, which will be highly variable among and even potentially variable within species; the relationships between temperature conditions and the virulence of other pathogens that cause diseases in stony corals, which are not as well known or understood as Vibrio coralliilyticus and white syndromes; and extreme stochastic events such as extreme climatic events or the evolution of new 'super' pathogens, which could invalidate some of the presented conclusions. Other possible conditions that can increase disease susceptibility and pathogen abundance and virulence that are not included here are: sediment runoff and lowered salinity following monsoonal rain events, and coral injuries from cyclones 35, 36 or predation by coral-feeding gastropods 37 , crown-ofthorns starfish 38 and reef fish 39, 40 . Future scenarios that include ocean acidification projections would also be valuable for understanding conditions that increase coral disease susceptibility and pathogen virulence. Members of the research community can use the data presented here to refine or produce higher-resolution projections for areas for which spatially explicit data on some or all of the information described above becomes available.
The standard caveats and assumptions related to the use of climate models also apply 41, 42 , and two are especially pertinent. First, model resolution is coarse and a 1
• × 1
• cell can contain many individual coral reefs, a fact related to the computationalintensiveness of climate modelling and to modelling uncertainties (see below). Although spatial variation within single model cells is not resolved here, there is considerable variation within reef regions in the projected timing of all three temperature conditions for disease and in anthropogenic stress. Therefore, even at this resolution, the results can be used to target applied research and management actions. Second, all climate models have uncertainties and vary greatly in their capacity to project trends in key drivers of climate in the tropics, such as the El Niño Southern Oscillation and its global teleconnections. We include the standard deviation around the ensemble average (the 'model spread') for each temperature condition (Fig. 2d-i) . The spread in the model results is small (standard deviation of 2-6.5 years), which increases confidence in the major conclusions presented based on the ensemble results and supports use of the ensemble rather than one or more of the individual models. A review of the robustness and uncertainties in the new CMIP5 climate model projections (used here) suggests that climate models are improving, representing more climate processes in greater detail, and that the 'uncertainties should not stop decisions being made' 41 . For this study, the relevant decisions involve the targeting of actions to reduce anthropogenic stress and trials of the efficacy of interventions that reduce disease impacts and support recovery. At present, the role of disease as a significant driver of future reef community composition is under-appreciated, especially in the Indo-Pacific, and needs to be given greater consideration for at least two reasons. First, disease has a tendency to result in greater coral mortality than bleaching 14, 43, 44 . Second, given the strong links between anthropogenic stress and disease susceptibility 24, 26, 29, 30 , management actions that reduce anthropogenic stress are probably more likely to reduce the prevalence and severity of coral diseases than reduce the impacts of thermal bleaching. Immediate actions to reduce anthropogenic stress are needed at locations with high or very high anthropogenic stress (Fig. 4a) , and are especially urgent at locations also predicted to experience all three temperature conditions set here in the coming two decades (Fig. 4b) . These sets of conditions apply to ∼20% of the reef locations (Fig. 4b, categories 4 and 5) . These locations are priority targets for proactive conservation efforts to reduce anthropogenic stress, such as managing watersheds and coastal development, reducing destructive fishing, and addressing other extractive practices. Furthermore, there is a need for collaborative efforts between researchers and managers to both better understand disease outbreaks and test reactive management interventions that reduce disease transmission rates. Examples include quarantining or culling infected corals, which could be followed by actions that mitigate impacts and support recovery such as managing human activities through temporary closures or other use restrictions. Many of these actions (reviewed in refs 45, 46) are at present experimental and feasible only at small local scales. Trials of the efficacy of these actions can lead to broader implementation in the coming decades.
There is also a need for researchers and managers to expand on the at present very limited suite of tools that forecast conditions conducive to coral disease outbreaks 20, 21, 47 . New early warning systems will need to be built into coral disease response plans. Such plans can help managers consider and justify various decisions and investments in both targeted monitoring and trials/implementation of actions to reduce disease impacts and support recovery. A coral disease response plan framework has been developed for the Great Barrier Reef in Australia 39 and for Hawaii, but coral disease response plans have not been as widely adopted as coral bleaching response plans 46 . Perhaps more than any findings to date, the results presented herein indicate that increases in the prevalence and severity of coral diseases will be a major future driver of decline and changes in coral reef community composition, and at least as great a driver as coral bleaching. Elevated temperatures that increase host susceptibility, pathogen abundance or virulence are either already occurring or are projected to occur in the coming decades at almost all reef locations. This is true irrespective of whether nations are able to sufficiently cut emissions such that RCP 4.5 better characterizes our emissions trajectory than RCP 8.5. There is great spatial variation in the projected timing of the disease-favouring conditions, which is in keeping with much new research highlighting that the impacts of climate change will not be spatially uniform. The spatial variation in the projections we present also emphasizes the value for decisionmaking of developing near real-time early warning systems and seasonal outlooks for marine diseases.
Methods
Methods and any associated references are available in the online version of the paper.
Climate model data. Monthly sea surface temperature (SST) data were retrieved for each available GCM from the World Climate Research Programme's CMIP5 data set (from http://cmip-pcmdi.llnl.gov/cmip5/data_portal.html) for RCP 8.5 (n = 33) and RCP 4.5 (n = 35, see Supplementary Table 1 for list of models). Methods for matching the start of each model with the observed climatology used , correcting model means, replacing annual cycles, and interpolation routines are all as per ref. 48 . Projections produced are based on model runs that are then averaged, rather than on ensemble means 23, 48 , ensuring variance among models is examined and presented for each projection output (Fig. 2d-i) .
Temperature conditions. Three temperature conditions are examined that increase the susceptibility of coral hosts to disease or increase pathogen abundance or virulence.
For all of the projected conditions, results are shown for reef locations only (also as per ref. 48 ) rasterized to match the climate model grid (n = 1,748 pixels or 'reef locations'). Histograms and plots of the spread in results (average ±1 s.d.) from the climate models are presented for each temperature condition, with percentages based on the total number of reef locations.
Host susceptibility. Field studies from all reef regions have shown that coral diseases often follow sublethal bleaching, presumably when energy and resources required for the maintenance of disease resistance are reduced 14, 16, [49] [50] [51] . For sensitive species globally, thermal stress represented by four degree heating weeks (DHWs) is a conservative threshold for predicting the presence of sublethal bleaching, because the global optimum predictor of bleaching is slightly higher at roughly six DHWs (ref. 52) . Here, our 'host susceptibility' metric identifies when a decade starts in which thermal stress is projected to exceed four DHWs at least three times. This frequency was selected because the return period is so short (∼3 years) that corals will probably struggle to recover between bleaching events, thus remaining in a weakened and therefore susceptible state.
Pathogen abundance. Research on diseases affecting agricultural crops indicates that survival rates of both causative agents and disease vectors increase during anomalously warm winters (called 'overwintering' 6 ). Although many long-term studies of coral diseases detect higher levels of disease prevalence when temperatures peak 12 , a common group of coral diseases, white plague and white syndromes, have been found in higher abundances during warm summers that follow mild winters (neither excessively cool or warm 20 ). This is probably due to a combination of overwintering and increased host susceptibility because warmer winters provide less of a reprieve for corals between warm seasons. Here, the 'pathogen abundance' metric indicates the first year in which the means of the three months centred on the coolest month are ≥0.5 • C above the minimum monthly mean (coolest month) calculated from a 1982-2008 climatology. This roughly equates to the thermal stress associated with mild winters in ref. 20 of 2-6.5 DHWs, which are calculated from a higher baseline than is used here and which resulted in an increased abundance of white syndromes in Australia during the following summers.
Pathogen virulence. The model coral pathogen used here, Vibrio coralliilyticus, is the causative agent of a number of virulent white syndromes on Indo-Pacific corals, causing progressive tissue loss and, ultimately, whole colony mortality. We reviewed experimental studies and related the temperatures at which the virulence and host-seeking motility behaviours (that is, chemotaxis and chemokinesis) of this pathogen are augmented to the maximum monthly mean (MMM, warmest month) at each sampling location (see Supplementary Table 2 ). For each of three strains of V. coralliilyticus, the pathogen becomes virulent within 2.5 • C of the MMM calculated for the period 1982-2008 at the respective sampling location, so we conservatively set the threshold as MMM . Here, the metric 'pathogen virulence' identifies when the number of months in which temperatures exceed the MMM becomes twice that observed, on average, during 2006-2011. This represents the timing of anticipated increases in virulence and in the projected number of months corals are exposed to the virulent pathogen.
Maps and histograms (standardized to the total number of reef locations) are presented for: the earliest year by which at least one disease condition will be met, the year by which all three disease conditions will be met, the year from which annual severe bleaching stress is projected, and the difference between the year by which at least two of the three disease conditions are met and the onset of annual severe bleaching (eight DHWs).
A map is also presented of anthropogenic stress using the integrated local threat (ILT) index developed for Reefs at Risk Revisited 28 , as is described in the paper. We resample these data to our climate model grid by taking the highest level of stress within each model pixel to produce a visual summary interpretable at article resolution. The disease risk summary presented for RCP 8.5 grades risk based on five criteria: (Criterion 1) none of the following criteria apply; (Criterion 2) two of three climate stressors occur before the onset of annual severe bleaching and anthropogenic stress is high; (Criterion 3) as for Criterion 2 but anthropogenic stress is very high; (Criterion 4) all three climate stressors occur before the onset of annual severe bleaching and anthropogenic stress is high; (Criterion 5) as for Criterion 4 but anthropogenic stress is very high. A 500-m resolution image of the disease risk summary is provided in the Supplementary Methods, enabling readers to zoom into reefs of interest to see which reefs meet the criteria set. The percentage values cited in the paper for reef pixels that meet each of the five criteria are derived at 500-m resolution rather than from the resampled data.
